Abstract. Joule heating is resulted from inevitable volumetric heating when an electric field is applied across conducting media and it would impose limitations to the performance of electrokinetic microfluidic devices. In this paper, the Joule heating and its effects on electroosmotic flow (EOF) in PDMS microfluidic channels are reported. 3D numerical simulation of the Joule heating induced temperature field and its effects on the EOF and electrophoretic transport of solutes in microchannels was performed. Experiments were carried out to verify the proposed models and the developed numerical code. A Rhodamine B based thermometry technique was used to measure the solution temperature distributions in PDMS microfluidic channels. The micro particle image velocimetry (micro-PIV) technique was used to characterize the velocity profiles of the EOF under the influence of Joule heating. The numerical simulations were compared with the experimental results, and reasonable agreement is found. Both the numerical simulations and the experimental results show that the presence of the Joule heating causes the EOF velocity to deviate from its normal "plug-like" profile; the EOF velocity exhibits a concaved shape in the hydrodynamically developing region and a convex (parabolic) pattern in the fully developed region.
Introduction
Microfabricated fluidic devices used for performing chemical and biomedical analysis have attracted great attention over the past decade. In microfluidic devices, electroosmotic flow (EOF) is used extensively to control buffer flow and to manipulate sample solutes. Ideally, the EOF velocity profile exhibits a plug-like shape [1] which is desirable for sample delivery and detection because of little hydrodynamic dispersion of samples. In practice, however, according to Jorgenson [2] , peak dispersion (also named as band broadening) can occur due to numerous reasons such as EOF, longitudinal diffusion, sample overloading, adsorption of species on capillary walls, non-uniform zeta potential and electric field, non-uniform geometry, Joule heating etc. The paper is concerned only with the Joule heating and its effects on the EOF in microfluidic channels.
Joule heating is resulted from inevitable volumetric heating when an electric field is applied across conducting media such as electrolyte. Such heat would lead to an increase of buffer temperature and develop temperature gradients in the buffer solution. The elevation of buffer temperature and the induced temperature gradient would in turn affect the EOF and electrophoretic transport of samples by 1 To whom any correspondence should be addressed.
influencing the temperature dependent buffer and sample properties including viscosity, dielectric constant, electric conductivity, mass diffusivity, electromobilities, and pH value.
In our recent publication, both transient and steady-state Joule heating and its effects on the EOF and electrophoretic transport of solutes in a commercial microcapillary [3] were studied. The analyses however were focused on the 2D axis-symmetric mathematical models. The present paper reports 3D numerical analysis and experimental studies of the Joule heating and its effects on the EOF in fabricated microfluidic channels, an important practical scenario which has not been addressed yet but needs for understanding.
Modeling and numerical simulation

Governing equations
As a straight microchannel constitutes the basic segment in microfluidic systems, an electroosmotic flow in a straight microchannel of rectangular cross-section is considered as shown in figure 1 (a). Due to symmetry, a half of the channel cross-section is chosen in the computation as shown in figure 1(b) . The mathematical governing equations describing Joule heating and its effects on electroosmotic flow include the Poisson-Boltzmann equation for the electric double layer potential, the Laplace equation for the applied electric field, the Navier-Stokes equation for the electroosmotic flow field, and the energy equation for the Joule heat induced temperature field [4] [5] [6] . Since the governing equations are strongly coupled together through the temperature-dependent parameters, they were simultaneously solved using the numerical method. The numerical scheme used to solve the proposed mathematical models is based on the finite volume method (FVM) [7] . 
Experiments
Fabrication of microchannels
The PDMS microchannels used in experiments were fabricated by using rapid prototyping techniques, which include the photolithography technique for master fabrication and soft lithography technique for PDMS microchannels replication. The detailed process of the fabrication is contained by [8] .
Preparation of chemicals
The test solutions were prepared using deionized water (DI water). Sodium Bicarbonate (NaHCO 3 ) buffer solution (Sigma-Aldrich) with the concentrations of 9 particles/mL.
Experimental technique and image analysis
A technique for measuring the liquid temperatures in microfluidic structures with good spatial resolution was employed in this study. The technique takes advantage of the strong temperature dependence of the fluorescence intensity of a dilute rhodamine B dye added to the working fluid [8] .
Experiments were carried out with a fluorescence microscope (Carl Zeiss) equipped with a longworking-distance 5x objective, a mercury arc lamp and an appropriate filter set (excitation, 546 12 nm, emission, 600 40 nm). A CCD camera (Sensovation AG, Germany) of 12-bit, 1024 x 1280 pixels with frame grabbing software (Sensovation SamBa) was used to acquire all images. Pictures captured by the CCD camera were then analysed by using the Image-Pro Plus software to obtain the temperature distributions. To extract the in-channel temperature profiles from the captured images, each image was first normalized by the initial image (captured at room temperature). The intensity values of the treated images were then converted to temperature using the intensity vs. temperature calibration provided by Ross et al. [8] . Micron-resolution Particle Image Velocimetry (micro-PIV) was used to measure the EOF velocity distributions in microfluidic channels. The micro-PIV setup consists of a microscope, a CCD camera and an illumination system. The images obtained in measurements were evaluated with PIVview software (PivTec GmbH).
Results and discussion
The microchannels have a length of 20 mm and a cross-section of m m 100 100
. In all experiments, a potential of 1200 V was applied to the inlet reservoir and the outlet reservoir was grounded. In numerical simulation, the heat transfer coefficient was chosen as
. The microchannels in the calculations also have the same dimensions as those used in experiments with different substrate materials (PDMS/PDMS and PDMS/Glass). The properties of the background electrolyte (NaHCO 3 ) are taken to be the same as water:. The zeta potential is set to be -75 mV (for [6] . Figure 2 shows a comparison of the variation of the solution temperature at the centreline of the channel along the flow direction between the experimental results and the numerical predictions for different buffer concentrations in a Glass/PDMS microchannel. Figure 2 indicates that the solution was injected from the inlet reservoir at room temperature. Then it was heated gradually by the Joule heating along the flow direction and finally reaches the thermally steady state. Figure 3 ). However, for solutions of high concentrations (e.g., figure 4 (a) ) the flow exhibits a 2D structure with a transverse velocity component, v towards the channel centre. This indicates the flow is developing due to the reservoir effect. Moreover, it is also noted that the flow development ends within a distance of twice channel width along the flow direction. After that, the flow is found to reach its fully developed. This can be judged by a uniform or "plug-like" velocity profile. Such "plug-like" flow pattern is also shown in figure 4 (b) which depicts the velocity vector field in the downstream region. While as the mathematical models presented in this study do not consider the reservoir effects, the numerical simulations can't show the flow developing due to the reservoir effects. Nonetheless, from the results presented in figure 4 , it can be concluded that under such experimental conditions, the Joule heating effect is negligible, which should be expected because of the dilute electrolyte concentration used and the temperature increment is negligible as shown in figure 3 . Figure 5 shows a comparison of the experimental measurements and the numerical predictions for the electroosmotic velocity vector field of the 2 10 5 M NaHCO 3 electrolyte in (a) the entry region of the channel and (b) the downstream region of the channel. From figure 5, a 2D flow structure can still be observed at the channel entry because of the reservoir effect. The transverse velocity component, v is found much stronger than that observed in figure 4. More importantly, even after the entry effect ends (with a distance of twice channel width along the flow direction, which is similar to what reported in figure 4(a) ), the EOF velocity is found not only to be increased (longer vector) but also to become non-uniform, deviating from its normal "plug-like" shape. It can be seen clearly that the EOF velocity exhibits a concave shape in figure 5(a) which shows the flow still under development and a convex shape in figure 5(b) which shows the flow is fully-developed. This scenario can be explained as follows. Because of Joule heating effects, the solution mean temperature rises along the channel as shown in figure 3 . Such temperature gradient along the axial direction will induce the viscosity gradient and electric filed strength gradient along the channel, and hence cause the velocity to vary along the flow direction. On the other hand, in order to maintain the flow rate conservation along the flow direction, an inner pressure gradient is induced along the flow direction in the channel [3] . Such inner pressure gradient would produce a "drag" effect (i.e., an adverse pressure gradient) on the developing flow and accordingly a "suction" effect (i.e., a favourable pressure gradient) to the developed flow. From figures. 2~5, it is demonstrated that the numerical simulation results are in good agreement with the experimental results. This suggests that the proposed mathematical models and the developed numerical scheme and code are reliable, and thus they can be used for predicting and analysing the Joule heating and its effects in microfluidic channels. 
Concluding remarks
Comprehensive 3D mathematical models describing the Joule heating and its effects on the EOF in microfluidic channels have been formulated. Experiments were carried out to study the Joule heating induced temperature distributions and its effects on EOF of NaHCO 3 buffer solutions in PDMS microfluidic channels under a 1200-V applied electric potential difference. The microchannels have m m 100 100 cross section and 20 mm in length. The experimental results were used to verify the numerical simulations, and a reasonable agreement was found. It was found the Joule heating is negligible for dilute concentrations (e.g., ), the Joule heating effects lead to a 20 C increment in the solution mean temperature. It causes the EOF velocity to deviate from its normal "plug-like" profile, resulting in a concaved shape in the hydrodynamically developing region and a convex (parabolic) pattern in the fully developed region.
